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FIELD OF THE INVENTION 

[0001] The invention relates to dithering, and more particularly, to a self-contained 
dithering module that employs a diplexer to inject a non-correlated noise signal into a 
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BACKGROUND OF THE INVENTION 

[0002] High performance analog-to-digital (A/D) converters are now widely used in 
modern communication systems. Many wireless receivers which handle a substantial 
dynamic range of signal amplitudes of a high data rate signal require the A/D converter to 
be operating at peak performance. One particular problem in such high performance A/D 
converters is differential non-linearity (DNL) errors, commonly referred to as spurs. DNL 
error is generally defined as the difference between an actual step width of an A/D 
converter and the ideal value of 1 least significant bit. 

[0003] High performance A/D converters use multi-stage conversion. Although DNL 
errors occur in any A/D converter following a given probability density function (PDF), 
the effect is multiplied in multi-stage converters because the DNL pattern is repeated many 
times over. As such, DNL errors can dramatically impact the performance of a multi-stage 
A/D conversion process. Preventing the generation of DNL errors in the A/D conversion 
process, therefore, becomes paramount. In particular, one of the most important figures of 
merit for a digital receiver is spurious free dynamic range (SFDR). A receiver with 
excellent SFDR is able to receive at maximum data rate even when receive signals are at 
the low amplitude range of the receiver. DNL errors effectively decrease a receiver's 
SFDR rating. 



Docket #MS001 -US 



[0004] A well-known technique called dithering is often required to maximize spurious 
free dynamic range. Dithering is the process of adding a non-correlated signal, such as 
pseudo random or broadband noise, to a desired analog signal prior to the analog input gate 
of the AID converter. Although the injected dither does not eliminate the errors, it 
randomizes the DNL errors over the entire digitization process, thereby eliminating the 
concentration of DNL errors at a small number of codes. As a result, spurs are reduced 
with a negligible increase in the noise floor. 

[0005] A common technique for generating the non-correlated signal is to use a thermal 
noise source which is uncorrelated to everything in the application universe. Adding noise 
that is not co-spectral with the desired signal is important, as otherwise, the benefits of the 
dithering are at least partially lost. In order to ensure this for most applications, the noise 
that is added can be low-pass filtered so as not to encroach on the frequency band of the 
desired signal. 

[0006] Another issue that arises when combining the non-correlated noise signal with the 
desired signal is related to input loss caused by the circuit which adds the noise to it. In 
particular, the amount of power that the non-correlated signal requires (as typically 
supplied by a noise source) must be high enough to achieve the desired dithering effect. 
Conventionally, a directional coupler is utilized to add the non-correlated signal to the 
desired signal. 

[0007] The directional coupler allows the desired signal to be combined with the non- 
correlated noise signal with a small loss in the signal path, and a substantial loss in the 
noise path. A 20 dB coupler, for instance, will result in a signal loss of 0.5 dB but a noise 
path loss of 20 dB. The noise source circuit must therefore overcome this loss by 
supplying an additional 20 dB of amplification. This additional 20 dB is not a trivial 
amount of power, and serves no useful purpose other than dissipating across the noise path 
of the directional coupler. 

[0008] What is needed, therefore, are dithering techniques that efficiently combine a 
non-correlated noise signal with the desired signal to achieve high performance A/D 
conversion. In a more general sense, there is a need for a self-contained dithering module 
that generates the desired amplitude of noise as well as the appropriate noise signal roll-off 
for optimal results. 
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BRIEF SUMMARY OF THE INVENTION 

[0009] One embodiment of the present invention provides a method for dithering a 
desired signal having a frequency band. The method includes generating a noise signal, 
amplifying the noise signal, and combining the amplified noise signal with the desired 
signal to produce a signal+noise signal, wherein both the desired signal and the noise 
signal experience insertion loss of 3 dB or less. 

[0010] In one particular embodiment, amplifying the noise signal further includes 
filtering the noise signal, so as to prevent the noise signal from adversely affecting the 
frequency band of the desired signal. Filtering the noise signal may include low-pass 
filtering that noise signal, depending on the location of the noise band in relation to the 
desired signal frequency band. Other embodiments may employ high-pass or band-pass 
filtering. Note that the amplifying and filtering can be performed simultaneously (e.g., 
active filter with gain), separately (e.g., amplify then filter), or a combination thereof (e.g., 
amplify then active filter with gain). 

[0011] Combining the amplified noise signal with the desired signal may be carried out 
by diplexing the filtered noise signal with the desired signal to produce a signal+noise 
signal. In one particular embodiment, diplexing the filtered noise signal with the desired 
signal to produce a signal+noise signal includes providing approximately zero or otherwise 
low insertion loss associated with the desired signal and the noise signal. Diplexer 
parameters (e.g., low-pass filter corner frequency and roll-off rate, and high-pass filter 
corner frequency) can be set to accommodate the particular application for which the 
method is operating. Combining the amplified noise signal with the desired signal may 
further include combining a second noise signal, and the desired signal + noise signal 
includes the second noise signal. 

[0012] The method may further include providing the signal+noise signal to a noise- 
based application, such as a data conversion process (e.g., A/D). The noise signal can be, 
for example, thermal noise. The insertion loss experienced by the noise signal can range, 
for example, from 0 to 3 dB. In one particular embodiment, the insertion loss experienced 
by the noise signal is less than 1 dB. Generally stated, the insertion loss will vary from one 
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design to the next, and should not prohibit the noise-based application in which the method 
is being used. 

[0013] Another embodiment of the present invention provides a self-contained dithering 
module. This device includes a noise source adapted to generate a noise signal, an 
amplification stage adapted to amplify the noise signal, and a diplexer adapted to diplex 
the filtered noise signal with the desired signal to produce a signal+noise signal. This 
signal can be used, for example, in a data conversion process. 

[0014] The amplification stage may further be adapted to filter the noise signal, so as to 
prevent that noise signal from adversely affecting the frequency band of the desired signal. 
The amplification stage may further include one or more active low-pass filters adapted to 
filter the noise signal. In one particular embodiment, the diplexer provides an insertion 
loss experienced by the noise signal that is 1 dB or less. The device can be contained, for 
example, in a package having a power input, a desired signal input, a signal+noise output, 
and a common. Suitable interface techniques (e.g., pick-and-place, solder re-flow, wire- 
bonding, SMA or BNC fittings) can be employed to facilitate coupling the device to other 
circuitry. 

[0015] The features and advantages described herein are not all-inclusive and, in 
particular, many additional features and advantages will be apparent to one of ordinary 
skill in the art in view of the drawings, specification, and claims. Moreover, it should be 
noted that the language used in the specification has been principally selected for 
readability and instructional purposes, and not to limit the scope of the inventive subject 
matter. 

BRIEF DESCRIPTION OF THE DRAWINGS 

[0016] Figure 1 is a block diagram of a self-contained dithering module configured in 
accordance with one embodiment of the present invention. 

[0017] Figure 2 is a detailed schematic diagram of a self-contained dithering module 
configured in accordance with one embodiment of the present invention. 

[0018] Figure 3 illustrates a method for generating a dithered signal in accordance with 
one embodiment of the present invention. 
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DETAILED DESCRIPTION OF THE INVENTION 

[0019] Embodiments of the present invention provides a dithering technique that 
efficiently combines a non-correlated noise signal (also referred to as dither) with the 
desired signal to achieve high performance A/D conversion. The techniques can be 
employed in other noise-based applications as well. In addition, a self-contained dithering 
module is disclosed that generates a desired amplitude of noise as well as the appropriate 
noise signal roll-off for optimal dithering results. 

[0020] In accordance with the principles of the present invention, injected noise and the 
desired signal are not co-spectral, and the desired signal has minimal loss caused by the 
circuit which adds the noise to it. In addition, the amount of noise power needed from the 
noise source to achieve the desired dithering effect is significantly reduced relative to 
conventional dithering techniques, which typically employ a directional coupler. In 
contrast, the present invention employs a diplexer to combine the dither with a desired 
signal. The diplexer offers low loss to the noise path as well as the signal path eliminating 
the need for extra gain. 

[0021] As previously stated, dithering effectively normalizes of all the DNL errors 
associated with a data converter by spreading coherent signal spurs into the noise floor of 
the converter. In this sense, the spurs are converted into non-coherent noise. Because the 
noise floor increases as the signal spurs are spread into it, the overall RMS error remains 
unchanged. As the DNL errors approach zero due to this spreading, their contribution to 
the signal-to-noise ratio (SNR) and the SFDR are removed, and performance is 
maximized. 

Dithering Module 

[0022] Figure 1 is a block diagram of a self-contained dithering module configured in 
accordance with one embodiment of the present invention. The device includes a voltage 
regulator 105, a noise source 110, a filter and gain stage 115, and an RF diplexer 120. 
Power is supplied to the regulator 105, which in turn provides regulated power internal to 
the device. A desired input signal is provided to the diplexer 120, along with a non- 
correlated noise signal from the filter and gain stage 115. The signal output by the device 
includes both the desired signal and the noise. This output can be provided to, for 
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example, a data converter or other device than benefit from the effect of injecting non- 
correlated noise. 

[0023] The voltage regulator 105 receives power from a source, such as a battery or 
external supply, and provides a regulated output power. This regulated output is made 
available to other active modules of the device. The regulator 105 can be implemented in 
conventional technology, and may further be configured with a step up or down 
transformer to adjust the input voltage. In one particular embodiment, the regulator 105 
receives an input voltage of about +15 volts DC reference to the common (ground), and 
provides a regulated 10 volt DC output. Numerous voltage output values and regulator 
configurations will be apparent in light of this disclosure (e.g., such as a dual output 
source, having both +5 and +15 volts DC regulated outputs generated from a signal input 
source). 

[0024] The noise source 110, which can be implemented in conventional technology, 
receives power from the regulator, and generates the dither. Dither is essentially Gaussian 
noise (noise characterized by a normal probability distribution function). This noise source 
110 can be implemented, for example, with a large value resistor where the noise from the 
resistor (in RMS) would be equal to the square root of (4kTRAf). Here, k is Boltzmann's 
constant (1.38 x 10~ 23 J/°K), T is the resistor temperature (Kelvin), R is the value of the 
resistor (ohms), and Af is the bandwidth of frequencies which the subsequent gain stage 
120 is able to amplify. 

[0025] Alternatively, the noise source 110 can be implemented with a noise diode. A 
number of such diodes are available, such as the SD20L produced by Micronetics, in 
Hudson, NH. Numerous other noise sources can be used to implement source 110, and the 
present invention is not intended to be limited to any one such source. The frequency 
range, output power, flatness, biasing, and other related parameters will vary depending 
upon the particular application. Alternatively, general solid state noise sources may also 
be used here. 

[0026] The gain and filter stage 115 operates to shape the noise produced by source 110 
and to amplify the noise output of source 1 10 to an acceptable level. The amplification is 
provided because the noise power levels produced by source 110 are typically small (e.g., 
20 to 50 ENRdB). The shaping includes low-pass filtering the generated noise signal to 
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ensure that it does not encroach on the frequency band of the desired signal. The filtering 
can be passive or active (with or without gain) depending on the particular application. 
For example, some applications may require a steeper roll-off and/or more gain than other 
applications. 

[0027] In one particular embodiment, the gain and phase stage 115 is implemented as a 
passive single pole, low pass filter in series with a differential amplifier having sufficient 
gain to produce a noise out signal with the desired amplitude. Additional poles and or gain 
can be provided as necessary. Optional circuit driving capability (e.g., for current-based 
applications such as AID conversion) may also be included in the gain and phase stage 
115. Alternatively, such optional driving capability may be external to the gain and phase 
stage 115. 

[0028] In another particular embodiment, the gain and phase stage 115 has a number of 
sections including a differential amplifier that amplifies the output of the noise source 1 10 
(e.g., gain of 2 or more), and provides a differential output to an active low-pass filter. The 
active low-pass filter can have, for example, a pass-band gain (e.g., 5 dB or more), a corner 
frequency under 5 MHz, and a roll-off of 20 dB/decade or better. The output of the low- 
pass filter section can then be applied to another amplifier capable of low voltage 
processing, as well as driving the likes of an AID converter or other noise-based 
applications. 

[0029] Note that numerous gain and phase stage 115 configurations are possible here, 
and the principles of the present invention can be employed with any one of them. Design 
choices and implementation details such as what specific components to use and whether 
to use active or passive filtering (or some combination thereof), as well as selecting the 
appropriate parameters such as overall gain and filter-order, must be made on an 
application-by-application basis. Further note that intermediate sections of the gain and 
filter stage can be repeated or otherwise configured as necessary to shape the noise output 
accordingly. 

[0030] Another particular design choice that can be integrated into an embodiment of the 
present invention is whether the device requires a variable dither level. Such a feature may 
be necessary, for instance, to account for changes in system loading over time. If so, then 
noise gain control can be provided. For example, programmable switches or 
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programmable resistors can be used to adjust the gain impedances of the amplifier stage 
115. The corresponding control signals can be provided via a processor, such as a 
microcontroller configured with a CPU, I/O capability, and a number of executable 
processes, including gain monitoring and adjusting routines. Any local host or other 
suitable controlling-type environment can be employed here to carry out such control 
signaling. In the case where variable dither is unnecessary, fixed gain blocks or even low 
cost operational amplifiers can be used here, particularly if only several hundred kilohertz 
of noise bandwidth are actually used. 

[0031] Regardless of the actual gain and filter stage 115 configuration, the amplified and 
filtered noise output is provided to the diplexer 120, which is adapted to combine the noise 
signal with the desired signal. A diplexer is a filtering network by which two frequency 
bands can be combined provided the two bands are not co-spectral. In this particular 
embodiment, the noise signal frequency band is lower than the desired signal frequency 
band. The diplexer 120 provides low insertion loss (e.g., less than 3 dB) to the noise path 
as well as the signal path eliminating the need for extra gain. In addition, the diplexer 120 
provides low-pass filtering which can be used to supplement or otherwise replace the low- 
pass filtering performed by the filter and gain stage 115. 

[0032] Diplexer 120 can be implemented in conventional technology, and typically 
includes a high-pass filter in parallel with a low-pass filter. A number of RC series tank 
elements in parallel with the filters compensates for undesired reflections. The diplexer 
may be implemented, for example, from lumped or continuous passive elements. Active 
diplexer configurations are available as well. Triplexers are three way splitter/combiners 
which include a low pass, band pass, and high-pass sections A triplexer operates similar to 
a diplexer, but allows for a tri-band operation. An application for such would be, for 
example, where two noise signals are injected into a desired signal. One noise signal band 
would be below the desired signal, while the other noise signal band would be above the 
desired signal band (assuming there would be no interference of the desired signal's 
frequency band). 

[0033] Note that the diplexer parameters can be selected or otherwise set to 
accommodate the particular application. For instance, the low-pass filtering parameters 
(e.g., corner frequency, roll-off, order, insertion loss, and active/passive) can be set based 
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on the band of the analog signal and the sampling technique being used in an AID 
converter application. 

[0034] In more detail, techniques of over-sampling and under-sampling are frequently 
employed in AID applications to maximize data rate and/or minimize bit error rate. The 
result is that the desired signal may occupy a greater bandwidth than it might otherwise 
occupy. The added noise must therefore not encroach on this loaded bandwidth. In this 
manner, the low-pass filtering in the diplexer 120 can be adjusted for a sharper low-pass 
roll-off of the noise. Similarly, the low-pass portion of the diplexer can also work in 
conjunction with gain/bandwidth low pass filtering of the filter and gain stage 115 for 
sharper roll-off. 

[0035] Thus, a self-contained dithering module which has a desired signal input and a 
signal plus non co-spectral noise output, a DC power source and ground, is disclosed. This 
module can be configured to generate the desired amplitude of noise for a particular usage 
or application, as well as the appropriate noise signal roll-off for optimal down-stream 
results, whether the down-stream process involves data conversion or some other noise- 
based application. 

[0036] Variations on the embodiment shown in Figure 1 will be apparent in light of this 
disclosure. For example, note that voltage regulator 105 is not required, as the power 
source (e.g., battery or other power supply) may be connected directly to the components 
of the dithering module. Further note that the filtering included in the filter and gain stage 
115 can be eliminated, so long at the filtering in the diplexer 120 operates to prevent the 
injected dither from interfering with the desired signal. Further note that low-pass and/or 
high-pass filtering can be included in the filter and gain stage 115, depending on whether 
the frequency band of injected noise is above or below or both the frequency band of the 
desired signal. 

[0037] Figure 2 is a detailed schematic diagram of a self-contained dithering module 
configured in accordance with one embodiment of the present invention. This Figure is 
included to show a specific embodiment of the present invention in the name of robust 
disclosure, and is not intended to limit the present invention to any one specific 
configuration or component types. It will be appreciated that numerous configurations and 
component types are possible. The individual selections of component type and 
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manufacturer will depend on a number of factors including desired cost, various parameter 
ratings, overall desired device performance given a particular application, and other related 
considerations. 

[0038] As can be seen, this embodiment includes a voltage regulator 205, a noise source 
210, a filter and gain stage 215, and an RF diplexer 220. Power (+15 volts DC) is supplied 
to the regulator 205, which in turn provides regulated power internal to the device. A 
desired input signal is provided to the diplexer 220, along with a non-correlated noise 
signal from the filter and gain stage 215. The signal output by the device includes both the 
desired signal and the noise. As previously stated, this output can be provided to a noise- 
based application, such as a data converter. 

[0039] The voltage regulator 205 provides approximately a 10 volt DC regulated output 
to each of the noise source 210 and the filter and gain stage 215. This particular regulator 
205 provides a TTL control feature which allows the regulated output to be shut on and 
off. The noise source 210 here is implemented with a noise diode (CR1) that is capable of 
generating an output signal of 35 ENRdB (or better) over the frequency range of 10 to 100 
MHz, with a flatness of 5 dB or less (e.g., SD20LEE-3, Micronetics). Note that the DC 
biasing may be adjusted to adjust the noise output. Further note that a TTL driver can be 
included to enable control of the on/off biasing (provided by regulator 205) of the noise 
source 210. This allows the noise source 210 to be controlled with a TTL command rather 
than having to switch the regulator 205 on and off. The TTL command signal can be 
provided to 205, for example, by a local host or processor. 

[0040] This particular gain and phase stage 115 includes a gain block including two 
wideband operational amplifiers (U2 and U3) which amplify the output of the noise source 
210. Numerous amplification schemes are possible here. The amplified output is provided 
to an active low-pass filter block (U4 and U5). In one such embodiment, the active low- 
pass filters are each a 7 th order filter having a pass-band gain of about 12 dB, and a corner 
frequency of about 2.3 MHz (e.g., LTC1 566-1, Linear Technology). These cascaded 
filters effectively double gain and roll-off performance. The output of the low-pass filter 
block is applied to the noise input of the diplexer 220. 

[0041] Note that, although off-the-shelf components have been used to implement the 
voltage regulator 205, noise source 210, filter and gain stage 215, and RF diplexer 220 in 
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this particular example shown in Figure 2, other embodiments may employ custom 
integrated circuits (e.g., ASIC and FPGA technology) to provide the function of each 
illustrated component. Such a custom design can be implemented in a single integrated 
circuit chip or a number of function-specific chips that are operatively coupled. The 
overall dithering circuit can then be incorporated into an appropriate package adapted with 
SMA fittings or other suitable interfacing mechanisms (e.g., BNC connectors, solder pads 
or loops, wire-bonding pads). 

[0042] Operating parameters of a dithering module configured in accordance with the 
present invention can be expressed as specs on the desired signal or "carrier" path as well 
as on the combined signai+noise output or "noise" path. Example operating parameters of 
the carrier path include a pass band of about 60 to 80 MHz, an insertion loss of 1 dB or 
less, an impedance of about 50 ohms, a VSWR of 1:4:1 or better, an LO rejection of 60 dB 
or better, and a high end roll-off of about 60 dBc or more. Example operating parameters 
of the noise path include a pass band of about 1 kHz to 3 MHz, a noise flatness of 2 dB or 
less, a noise power of about -20 to -17 dB, an out-of-band noise output of about -145 
dBm/Hz @ 20 MHz and -174 dBm/Hz @ 30 MHz. It will be appreciated that such 
operating parameters and packaging details will vary from embodiment to embodiment, 
and the present invention is not to be limited to any particular parameter set or packaging 
scheme. 

Methodology 

[0043] Figure 3 illustrates a method for generating a dithered signal in accordance with 
one embodiment of the present invention. This method can be carried out, for example, by 
the dithering modules illustrated in Figures 1 and 2. The method includes with generating 
305 a noise signal (e.g., Gaussian white thermal noise), and amplifying 310 the noise 
signal. 

[0044] The method further includes filtering 315 the noise signal, so as to prevent the 
noise from adversely affecting the desired signal band. In one particular embodiment, low- 
pass filtering is performed. However, other types of filtering (e.g., high-pass or band-pass) 
may also be used here, depending on the location of the noise band or bands relative to the 
band of the desired signal. 
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[0045] The method proceeds with diplexing 320 the noise signal with a desired signal to 
provide a signal + noise output. A conventional or custom diplexer can be used to effect 
this functionality. In alternative embodiments, a triplexer can be used, where the method 
would include triplexing first and second noise signals with a desired signal to provide a 
signal + noise] + noise 2 output. In a more general sense, the method includes combining 
320 the noise signal with the desired signal to provide a signal + noise output, wherein 
both the desired signal and the noise signal experience low (or otherwise acceptable) 
insertion loss (e.g., 3 dB or less). 

[0046] The insertion loss associated with a device generally refers to the loss of 
unrecoverable power dissipated within that device. In this sense, insertion loss can be 
thought of as having both unintentional and intentional components. The unintentional 
component is that attributed to parasitics, while the intentional component is more so 
attributed to design choices (e.g., such as using a 20 dB pad between ports of a directional 
coupler). A diplexer (or equivalents thereof) effectively avoids this intentional component 
of the insertion loss. Directional couplers on the other hand, typically employ 10 dB or 
more of intentional attenuation to isolate one port from another. By avoiding the 
intentional insertion loss, the overall insertion loss can be maintained at acceptable levels 
(e.g., 3 dB or less). Also, note other benefits here, such as lower power consumption and 
heat generation. 

[0047] The method may further proceed with providing 325 the signal + noise output to a 
noise-based application, such as a data conversion process. 

[0048] The foregoing description of the embodiments of the invention has been presented 
for the purposes of illustration and description. It is not intended to be exhaustive or to 
limit the invention to the precise form disclosed. Many modifications and variations are 
possible in light of this disclosure. It is intended that the scope of the invention be limited 
not by this detailed description, but rather by the claims appended hereto. 
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